The mechanisms that mediate renal "escape" from the sodiumretaining effects of mineralocorticoids are incompletely understood. This study was undertaken to determine whether atrial natriuretic peptide (ANP) may play a role in the escape phenomenon. Immunoreactive ANP in rat plasma increased 2.5-fold above baseline values at 12 and 24 h after a single depot hnjection of desoxycorticosterone acetate in oil and returned to baseline thereafter. In addition, specific pre-pro-ANP messenger RNA content in rat atria was significantly elevated as early as 12 h
Introduction
Primary hyperaldosteronism and excess exogenous mineralocorticoid result in transient renal sodium retention followed within a few days by a return to neutral sodium balance. Escape from mineralocorticoid-induced renal sodium retention appears to be mediated largely by extracellular fluid volume expansion (1) , although the exact mechanisms~are incompletely understood. During mineralocorticoid escape, the specific effects of mineralocorticoids on sodium transport are not inhibited, which suggests that the increase in renal sodium excretion during escape is mediated by other mechanisms. Evidence favoring hemodynamic factors in escape has been reported. In dogs given mineralocorticoids, escape is not observed if the renal perfusion pressure is kept constant as mean systemic arterial pressure rises (2) , and in rats escape is associated with elevated renal peritubular capillary and interstitial hydraulic pressures (3) . It has also been postulated that a natriuretic factor may mediate mineralocorticoid escape (1) .
Atrial natriuretic peptide (ANP)' is released from atria in response to acute (4) or chronic (5) volume expansion. Also, ANP markedly increases renal sodium excretion, in part by changes in renal hemodynamics (6) . These findings favor a role for this hormone in mineralocorticoid escape. To determine whether ANP synthesis, secretion, and target tissue receptor density are altered during mineralocorticoid escape, we measured urinary electrolyte excretion, plasma immunoreactive ANP (iANP) concentrations, relative atrial pre-pro-ANP messenger RNA (mRNA) content, and renal glomerular ANP receptor density and affinity as a function of time after a single depot injection of desoxycorticosterone acetate (DOCA).
Methods 50 male Sprague-Dawley rats weighing 225-250 g were kept in individual metabolic cages for 7-9 d. Twice daily, rats were fed 12 g of a sodiumfree diet (Teklad, Madison, WI) that was supplemented with 2.2 g/kg sodium chloride, thus providing 0.5-1.0 meq sodium per day. Free access to deionized water was allowed. Urine was collected at 24-h intervals to determine sodium and potassium excretion. On the 6th day, 30 rats were given 10 mg DOCA in sesame oil subcutaneously at 9 a.m., and were killed by decapitation at 24, 48, and 72 h after the initiation of DOCA treatment (n = 10 per time point). 10 rats were given DOCA at 9 p.m. on the 6th day, and were killed at 9 a.m. the next morning, thus providing the 12-h time point. 10 rats received sesame oil without DOCA and served as controls. Controls were killed either on the day they received sesame oil (n = 4) or 24 or 48 h later (n = 3 each). Administration of sesame oil without DOCA did not alter urinary sodium or potassium excretion, plasma iANP, glomerular ANP receptor binding parameters, or atrial pre-pro-ANP mRNA content; thus, values for controls were combined. In addition, 12 rats were allowed ad lib. access to regular rat chow (Ralston Purina Co., St. Louis, MO) and tap water and were not housed in metabolic cages. Ofthese, six were given DOCA and six received vehicle injections. These rats were killed 24 h later for the determination ofplasma iANP only. To exclude any possible effects ofdiurnal variation, all animals were killed between 9 and 10 a.m.
To determine plasma iANP concentrations, trunk blood was collected within the first 15 s of decapitation from each rat in chilled test tubes containing EDTA (10 mg), aprotinin (1, To determine glomerular ANP receptor density and affinity, glomeruli were isolated from the kidneys of each rat as previously described (7). Isolated glomeruli were incubated with constant concentrations of 12511 alpha human ANP and varying concentrations (30-3,000 pM) of unlabeled ANP (Peninsula Laboratories) in an ice-water bath for 3 h. The assay buffer consisted of, in mM: NaCl, 137, KCI, 5.4, KH2PO4, 0.44, Na2HP04, 0.33, MgSO4, 0.40, MgCl2, 0.50, CaCl2, 1.25, and NaHCO3, 4.0, to which were added bovine serum albumin (BSA), 0.20 g/dl, Hepes, 20 mM, bacitracin, 1 mM, and phenylmethylsulfonyl fluoride, 1 mM, pH 7.4. The glomerular ANP receptor assay was previously extensively validated (8) ; binding equilibrium was achieved reliably at 3 h of incubation, degradation of ANP by glomeruli was negligible under the conditions described, and binding experiments using increasing concentrations of radiolabeled ANP gave very similar results to those obtained with competitive binding inhibition studies. Glomerular ANP receptor density and equilibrium dissociation constants (Kd) were determined from the binding data using the LIGAND program (9) . The receptor concentration is expressed in femtomoles per milligram glomerular protein, the latter determined by the method of Lowry et al. (10) .
Atrial pre-pro-ANP mRNA content was measured by dot hybridization analysis (I 1). Total RNA was isolated from both cardiac atria of each rat as described by Chirgwin et al. (12) . For each sample, four dilutions of RNA were hybridized with a 32P-labeled Nick-translated probe prepared from the ANP complementary DNA (cDNA) (13) , and with a Nick-translated probe derived from an A50 cDNA clone. The A50 cDNA clone contains sequences for a "housekeeping" mRNA of unknown identity, which is constitutively expressed at high levels in myocardial tissue (14) . Under 
Results
The results of this study are shown in Fig. 1 . During the first 24 h after DOCA administration, sodium excretion was significantly reduced from 0.60±0.03 to 0.32±0.03 meq/24 h (P < 0.01), and potassium excretion rose from 4.3±0.1 to 5.1±0.1 meq/24 h (P < 0.01). Sodium excretion rates returned to control values during the second 24-h period, indicating escape from the sodium-retaining effects of DOCA. Piasma iANP increased from 262±40 pg/ml in controls to 638±71 pg/ml at 12 h, and remained elevated at 539±59 pg/ml 24 h after the initiation of DOCA treatment (for both, P < 0.01). At 48 and 72 h, plasma iANP levels were not different from baseline values. The baseline plasma iANP concentration in rats given regular rat chow ad lib. and not housed in metabolic cages was 73±10 pg/ml (n = 6). Although baseline levels were much lower in rats given the regular diet and not housed in metabolic cages, plasma iANP still increased threefold 24 h after DOCA administration to 225±43 pg/ml (P < 0.001). Differences in baseline iANP levels between the test diet and the standard lab chow (Ralston Purina Co.) were due, at least in part, to differences in dietary composition, as rats given the salt-supplemented Teklad diet ad lib. and not housed in metabolic cages were found to have baseline iANP levels of 166±22 pg/ml (n = 9). 12 h after DOCA administration, glomerular ANP receptor density averaged 83±7 fmol/mg glomerular protein compared with 158±18 fmol/mg in controls (P <0.05). The glomerular ANP receptor density at 24 h averaged Il I± 14 fmol/mg and remained relatively constant thereafter. No change in the glomerular ANP receptor affinity was observed. The ratio of atrial pre-pro-ANP mRNA/A50 mRNA rose from 0.39±0.02 to 0.66±0.08 12 h after DOCA treatment (P < 0.05), and remained elevated thereafter at levels of 0.51±0.04, 0.53±0.03, and 0.56±0.05 at 24, 48, and 72 h, respectively (for all, P< 0.05).
Discussion
The findings in this study indicate that DOCA administration in the rat is a powerful stimulus for ANP release. It is likely that ANP release was provoked, at least in part, by extracellular fluid volume expansion, that was brought about by DOCA-induced renal salt retention. Acute plasma volume expansion in the rat was previously reported to result in an increase in plasma iANP of similar magnitude but of much briefer duration than that observed in this study (5) , a finding that was interpreted to indicate that the rise in plasma ANP participates in the excretion of an acute volume load. It is also possible that DOCA may have stimulated ANP release directly. Garcia et al. (16) reported marked increases in atrial and plasma ANP levels in response to combination therapy with glucocorticoids and mineralocorticoids in adrenalectomized rats, a response that was not seen with either agent alone. Interestingly, when rats were given saline to drink, a further increase in both atrial and plasma ANP levels was observed, which supports the theory ofan independent effect of volume expansion on ANP synthesis and secretion (16) .
It is evident from Fig. 1 that the increase in plasma iANP and the return to neutral sodium balance appear to coincide, although it is not ruled out that the rise in iANP may precede the escape from mineralocorticoid-induced sodium retention. Since ANP is a potent natriuretic agent, it is logical to postulate from these findings that the marked rise in circulating iANP concentration may play a role in initiating the escape phenomenon. It was not possible to pinpoint the moment of escape more precisely with this protocol, since there was marked diurnal variation in sodium excretion even when rats were fed at exactly 12-h intervals. The fall of plasma iANP to near normal values at 48 and 72 h indicates that the maintenance ofneutral sodium balance in this model does not require elevated ANP levels. Whether this is also the case at higher salt intakes or with daily DOCA administration remains to be evaluated.
Plasma iANP in the present study was determined using extracts ofplasma in order to avoid overestimation ofiANP due to nonspecific interfering substances in plasma. Despite this, the baseline values in rats given the test diet twice daily and kept in metabolic cages are higher than those reported by some investigators (4, 17), although even higher values have also been observed (5). The high baseline levels in the present study appear not to be due to the method ofblood collection, or to interfering substances in the plasma extract, as baseline levels in rats not housed in metabolic cages, on standard chow with ad lib. access to food and water, are very similar to the lower levels reported by Horky et al. in conscious, unrestrained rats (17) . A threefold increase in plasma iANP was still observed in these rats 24 h after DOCA administration, even with lower baseline levels. The difference in baseline values appears to be due, in part, to differences in dietary composition, as rats given the test diet ad lib. in regular cages were found to have baseline iANP levels that were more than twice as high as those given regular rat chow.
Whether the stress on them of being housed in metabolic cages, and the twice daily feeding routine, caused further elevations in baseline plasma iANP levels remains to be clarified. Since rats maintain neutral sodium balance despite very different baseline iANP levels, it is postulated that other sodium-retaining systems must counterbalance the natriuretic effects of ANP, or that renal responsiveness to ANP changes.
The pattern of urinary electrolyte excretion is consistent with the time course of mineralocorticoid escape in the rat. In meticulous balance studies Mohring and Mohring (18) showed that escape occurred within 48 h after the administration of DOCA in rats given -2.5 meq of sodium per day. Pilot studies in our own laboratory using daily DOCA injection had shown that sodium retention during the first 24 h after mineralocorticoid administration could be most reliably demonstrated with a sodium intake of 0.5-1.0 meq/d, and escape occurred by 48 h. The sodium intake in this study corresponds to -3 meq/kg per d, which would be 210 meqcd for the average 70 kg human. A decrease in potassium excretion in the second 24-h period after initiation ofmineralocorticoid treatment in the rat was previously described (18) . The return to baseline values of potassium excretion in this study most likely reflects the moderate sodium intake. Potassium wasting with continued mineralocorticoid activity is enhanced only if distal tubule sodium delivery is large, which would occur with a high sodium intake.
Renal glomerular ANP receptor density was determined in this study to test the hypothesis that mineralocorticoid escape may be mediated by enhanced tissue responsiveness to ANP due to increased ANP receptor expression. The finding that the density of glomerular ANP receptors was down-regulated appropriately (8) as plasma iANP levels increased would tend to rule out this possibility. Also, enhanced ANP receptor affinity was ruled out as a possible mechanism for greater renal responsiveness to ANP. These findings of course do not preclude enhanced renal responsiveness to ANP on the basis of changes in postreceptor events. Since hormone receptor upregulation generally requires new protein synthesis, it is not surprising that glomerular ANP receptor density did not return to control values as plasma iANP levels'decreased at 48 and 72 h after DOCA administration.
Pre-pro-ANP mRNA represents 1-3% of total atrial mRNA, reflecting very active transcription of the ANP gene (13, 19) . The increase in atrial pre-pro-ANP mRNA content, averaging 70% above baseline at 12 h, therefore represents a substantial rise in atrial myocyte pre-pro-ANP content, and indicates that ANP synthesis was significantly augmented. Whether the increase in' atrial pre-pro-ANP mRNA content results from direct stimulation of ANP gene transcription by DOCA, from feedback stimulation of ANP gene transcription in response to enhanced atrial myocyte ANP release, or from reduced degradation ofprepro-ANP mRNA, remains to be determined. Mineralocorticoids are known to signal new protein synthesis in some target tissues by interacting with nuclear receptors; direct stimulation ofANP gene transcription could thus be mediated by a similar mechanism. Further studies will be required to determine to what extent newly synthesized ANP is added to the storage pool or is secreted directly during mineralocorticoid escape.
In conclusion, a single depot injection of DOCA given to rats results in transient sodium retention, and is followed by return to neutral sodium balance within 48 h. The marked rise in plasma iANP concentration that coincided with the return to normal sodium balance raises the possibility that this powerful natriuretic hormone may play a role in initiating the phenomenon of DOCA escape. The increase in atrial pre-pro-ANP mRNA content within 12 h of DOCA administration indicates substantially augmented atrial ANP synthesis, which may have contributed to the increased secretion of ANP.
